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I. INTRODUCTION 
Environmental concerns and technological changes are closely 
interrelated factors in agricultural production. Technical innovations 
in the form of improved farming practices and new and more intensive 
applications of chemical inputs have resulted in an upward trend in 
grain yields. However, the increased usage of chemical inputs such 
as fertilizers, insecticides, and herbicides may also be significant sources 
of pollution. Other environmental concerns such as soil loss and the dis-
posal of livestock wastes affect agricultural production capabilities 
and may degrade soil and water quality. In addition, weather variability 
causes significant year-to-year fluctuations in_grain yields around 
trend levels and is one of the most important sources of uncertainty in 
future grain supplies. 
}fust environmental factors other than weather can be controlled within 
limits by the application of appropriate management and farming techniques. 
Weather, on the other hand, is for the most part uncontrollable. Other 
than in limited areas of irrigation, a farmer is primarily dependent upon 
nature to determine the growing conditions his crop will experience. 
General weather conditions and the degree of variability in weather from 
year-to-year are quite different from region to region within the United 
States. Thus, environmental policies that change regional production pat-
terns also change the expected variability in agricultural production due 
to weather conditions. 
1 
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The world food situation has become highly volatile in recent 
years as the rapid increase in world population has increased demand 
while concurrently adverse weather conditions in many parts of the world 
have reduced supplies and depleted most of the world's grain reserves. 
In addition, increasing concern over the quality of the environment in 
the United States threatens to restrict the future use of some chemical 
inputs and production practices, putting added pressure on world grain 
supplies. Under the present circumstances, U.S. agriculture plays a 
dominant role in the grain market. More than 20 percent of the world 
grain output and more than 40 percent of the total world grain trade is 
produced in the United States. Thus, developments in energy, environ-
mental quality, and world grain stocks have primary impacts on U.S. 
agriculture. 
II. OBJECTIVES 
Given the complex interrelationships bebween the environment, 
technology, and U.S. agriculture, this study evaluates the relationships 
between various agricultural environmental policies and the correspond-
ing weather-induced variation in grain production. Alternatives that 
will be analyzed include a restriction on nitrogen fertilizer usage, a 
maximum allowable per acre soil loss, a livestock waste runoff control 
policy, a limited restriction on organochlorine insecticides, and a mea-
sure of the effect of all four en~ironmental policies on the overall 
U.S. production capacity. Each policy is analyzed to determine if the 
resultant changes in regional production patterns cause an increase or 
decrease in the expected variation in U.S. grain production. 
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A second objective is to determine the optimum size of a grain reserve 
needed to offset fluctuations in grain production when the reserve is de-
signed to meet various proportions of the domestic and foreign shortfalls 
in grain production. Alternatives considered are: (1) reserve to meet 
90 percent of U.S. shortfalls and 60 percent of foreign, (2) reserve to 
meet 90 percent of U.S. shortfalls and 75 percent of foreign, and (3) 
reserve to meet 90 percent of U.S. shortfalls and 60 percent of foreign 
shortfalls simultaneously. This study considers the effects of weather-
induced shortfalls when the worst weather in terms of grain production 
expected in 10-, 20-, and 40-year periods actually occurs in 1985. Food 
grains (including wheat, rice, rye, and soybeans) and feed grains (includ-
ing corn, barley, oats, and sorghum) are analyzed separately. 
II I. METHODS USED AND :HODEL DEVELOPHENT 
A nonlinear regression analysis is used for the statistical estimation 
of the weather effect in grain yields [7, 12, 14, 15, 19, 20]. The weather 
effect is defined as the degree of variability in grain yields attributable 
to weather. The weather effect under an unrestricted situation is corn-
pared to the weather effect when an environmental restriction is imposed 
on agriculture. Data for the restricted cases were obtained from environ-
mental policy models developed by the Center for Agricultural and Rural 
Development [27]. 
Regions Use~ in the Analysis 
Several regional delineations are used in this study. Grain production 
is determined by the 105 producing areas (Figure 1). These producing areas 
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Figure 1. The 105 producing areas 
Figure 2. The 28 market regions with central cities indicated 
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are used to determine the regional shifts in production that occur as a 
result of environmental policy restrictions. Regional demands for grain 
are estimated by the 28 market regions (Figure 2). Frequently, the 48 
contiguous states are used to present the results of the study. Documen-
tation of the regional delineations is included in [9]. 
To collect world grain production data for estimating world grain 
shortfalls, the world is divided into 11 major grain producing and con-
suming areas as follows: United States, Canada, Argentina, Brazil, 
Western Europe, USSR, India, Africa, Oceania, and Asia. Grain yield 
and production data over the 20-year period, 1952 to 1971, are used to 
estimated weather effects in these 11 regions. 
Statistical Estimation of Weather Effects 
Grain yields depend upon technology, weather conditions, input 
prices, lagged grain prices, and acreage engaged in production. A 
quantitative measurement of weather conditions throughout the year is 
complicated and does not represent the real impact of weather on grain 
production because of seasonal weather variability. Consequently, 
weather's effect on grain yields is defined as the residual of a regression 
equation where yields are expressed as a function of the prices of 
all chemical inputs, lagged grain prices, acreage, and technology. 
However, all independent variables except a time trend, representing tech-
nology, are statistically insignificant in estimating grain yields. 
Thus, grain yields are expressed simply as a function of a time trend. 
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Technical innovations in farming practices and new and more intensive 
use of chemical inputs and hybrid seeds are primarily responsible for 
the upward trend in yields. Deviations from the trend level represent 
the effects of all other factors including weather, prices of all 
chemical inputs,. and grain prices. However, the deviations from the 
trend level are assumed to be primarily the. result of weather variations 
because of the insignificance. of the price variables in the yield 
equations. Therefore, the technology and weather effects are calculated 
using the following grafted polynomia1s [6] • 
j 
= aj + j j •• yit aoit + uit t < t.J oi 1 (1) 
yj = aj + j j t > *j it li alit+ vit ti (2) 
where 
Y~t = yield of crop i at time t in region j 
•• t J 
the transition = i year (between 1954 and 1958) for crop i and 
region j 
t: = time variable 
u{t' v{t = deviations frODt the trend for crop i at time t in region 
j caused primarily by weather variations. 
At time t:j equations (1) and (2) are continuous allowing us to 
write: 
(3) 
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Solving equation (3) j for a 1 i gives 
aj = aj (Sj. - j *' + Sli) t.Jli Oi Ol. l. (4) 
Substituting equation (4) into equation (2) and adding and substracting 
sj gives: 
Oit 
(5) 
where 
*j 
zj {to, t < t. l. it 
*j *' t. ' t') t.Jl. l. 
and elt is the deviation from the trend for crop i in region j caused 
primarily by weather variations. 
Actual grain yields from the period 1921 through 1974 were used in 
estimating the regression equations [21, 22]. A major increase in grain 
yield trends occurred in the mid-1950s. This increase in yield trends 
can be attributed to rapid adoption of technological improvements 
such as hybrid varieties, increased usage of chemical inputs, especially 
nitrogen fertilizer, and usage of larger machinery complements. The 
grafted polynomial approach allows us to account for this shift. Table 
1 gives the empirical results for the various grains for the United 
States as a whole. 
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Taf:ile 1. Estimated regression coefficients of grafted polynomials of 
grain yields in the United States 
Regression Coefficients 
Grain: Constant t z R2 
Wheat 6. 73 0.237 0.452 0.890 
(8.18)a (5.63) 
Corn 2.79 0.750 1.86 0.931 
(9.44) (8.42) 
Oats 18.9 0.325 0.571 0.804 
(6.01) (3. 82) 
Barley 13.7 0.268 0.641 0.864 
(6.59) (5. 68) 
Sorghum 0.983 0.436 1.51 0.869 
(5. 59) (6.95) 
Soybeans 5.32 0.301 0.906 
(22.62) 
aValues in parentheses are t values associated with the inde-
pendent variables in the regression equations. 
9 
The average effect of weather over time1 on the yield of crop i in 
region j is given by 
n 
E I e{t f w~ t=l X 100 (6) = 
1 n j E yit 
t=l 
where 
Y{t =actual yield of crop i in timet in region j; 
eit =deviation from the trend for crop i in timet in regionj 
A weather index is then calculated by dividing the weather effect for 
each grain in each state by a weighted average weather effect over 
regions. 
1 J w~ w. = -E l. J j=l l. 
(7) 
WI~ w~ 1 100 = --x 
l. w. 
(8) 
1 
1An alternative definition of average effect of weather is 
w~ 
1 100 
This alternative definition relates each deviation to the predicted 
yield at a particular t. The rationale for this definition is based 
on the result that if the trend y~eld grows rapidly through time the 
expected residual could also grow rapidly even though the percentage 
deviation would be the same. However, in sample cases the authors 
found the difference in the results between the two definitions to be 
less than five percent. 
where 
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Wii = weather index for crop i in region j 
W. = weighted average weather effect over regions for crop i 
1 
wi = the average weather effect for crop i in region j 
A weather index value of 100 indicates that the variation in yields due 
to weather in a state is the same as the average national variation. 
A weather index value greater than 100 indicates that the variations in 
yields due to weather is greater than the average variation and a 
weather index less than 100 indicates that the variation is less than the 
average variation. The state weather index values aggregated over feed, 
food, and all grains are listed in Table 2. 
Joint Effects of Weather and Environmental 
Policies 
Implementation of an environmental policy may change the regional 
distribution of grain production and the associated impact of weather 
on grain production. The impact of an environment policy on the ex-
pected variability in production due to weather is calculated as 
follows: 
48 WI~ PjE E . j=l 1 i 
48 p~E E 
WIE j=l 1 X 100 = 
1 48 ~ pjB E . j=l i i 
48 p~B E j=l 1 
-------------
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Table 2. Estimated weather index by states 
Feed Food All 
State grains grains grains 
Maine 36 35 
New Hampshire 
Vermont 53 51 
Massachusetts 
Rhode Island 
Connecticut 
New York 84 51 75 
New Jersey 104 88 96 
Pennsylvania 82 61 76 
Delaware 135 131 133 
Maryland 87 96 89 
Michigan 79 64 73 
Wisconsin 70 85 68 
Minnesota 90 76 84 
Ohio 72 71 72 
Indiana 78 64 71 
Illinois 88 64 77 
Iowa 83 67 77 
Missouri 109 92 100 
North Dakota 119 129 126 
South Dakota 148 160 149 
Nebraska 139 133 135 
Kansas 139 120 128 
Virginia 100 85 93 
West Virginia 75 62 70 
North Carolina 99 84 92 
Kentucky 92 66 81 
Tennessee 82 91 90 
12 
Table 2 (continued) 
Feed Food All 
State grains grains grains 
South Carolina 95 113 110 
Georgia 125 102 117 
Florida 120 114 116 
Alabama 116 123 121 
Mississippi 108 105 110 
Arkansas 98 106 111 
Louisiana 103 78 83 
Oklahoma 122 134 135 
Texas 101 146 113 
Montana 101 100 102 
Idaho 58 55 57 
Wyoming 81 128 107 
Colorado 95 144 130 
New Mexico 151 167 155 
Arizona 63 67 62 
Utah 54 70 65 
Nevada 57 60 57 
Washington 70 61 64 
Oregon 72 71 72 
California 71 74 70 
U.S. Average 100 100 100 
a Blanks indicate that production data wereinsufficient for 
regression analysis. 
where 
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WIE = relative change in weather variation under the Eth environ-
i 
mental policy in the production of the ith grain 
WI~ = weather index in the jth state in the production of the ith 
1 
grain 
p~E = quantity of the ith grain produced in the jth state under the 
1 
Eth environmental policy 
pjB = quantity of the ith grain produced in the jth state without 
i 
any environmental constraints. 
A value of 100 indicates that implementation of the environmental 
policy does not affect the expected weather variability in grain yields. 
A value greater than 100 indicates an increase in the expected variability 
in yields due to weather and a value less than 100 a decrease in the 
expected variability due to weather. 
IV. INFLUENCES· OF WEATHER IN 
GRAIN PRODUCTION 
Weather causes much of the year-to-year fluctuations in grain 
production. The fluctuations are of concern since they generate disequi-
librium in the grain market. Since the demand for grains is relatively 
price inelastic, small changes in quantities supplied are multiplied into 
relatively large price changes. 
A grain reserve is one technique for smoothing out supply variations. 
Figure 3 illustrates the relation~hips between alternative reserve policies, 
the associated costs of maintaining the reserves, and the impact of re-
serves on grain price variability. The quantities in Figure 3 are: 
Price 
Pa 
14 
s 
Xa X1 X2 XeXc Xs Quantity of Grain 
Costs of 
Maintaining c 
Reserve 
Maximum Release of 
Stocks Per Year 
Figure 3. Relationships between alternative reserve policies, costs of 
maintaining the reserve, and grain price variability 
-- ----------- -~ ---
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s = long run market supply function. 
D market demand function. 
s = actual supply in year of shortfall. 
a 
s = actual supply in year of surplus. 
s 
D' = the effective demand as a result of the stock accumulation 
price of P . 
r 
Rl, R2 = two alternative reserve policies. 
C = function relating costs of maintaining reserves to the 
maximum yearly release. 
c 1 = cost of maintaining a reserve with maximum release per 
year of x1-xa. 
c2 = cost of maintaining a reserve with maximum release per year 
X 
a 
x -x 1 a 
x -x 2 a 
X 
e 
X 
s 
x -x 
s c 
p 
s 
p 
r 
p 
e 
of x 2 - xa. 
actual supply in a year of shortfall. 
=maximum stocks released per year under reserve policy R1 . 
= maximum stocks released per year under reserve policy R2 • 
= equilibrium quantity of grain. 
= actual supply in a year of surplus. 
= government accumulation of stocks in the year of surplus. 
= market determined price in year of surplus. 
= reserve accumulation price. 
= market equilibrium price. 
= price obtained in year of shortfalls under reserve policy R2 • 
=price obtained in year of shortfalls under reserve policy R1 • 
market price in year of shortfalls with no reserve policies. 
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The larger the reserve maintained the greater is the reduction in 
price variability. With no reserves the market price would vary from P 
a 
in the year of shortfalls to P in the year of surplus production. Under 
s 
a reserve policy with an accumulation price of P , the price is effectively 
r 
constrained between P r and a maximum of P 1 or P 2 depending upon the size 
of the reserve maintained. Since the demand for agricultural products 
is price inelastic, moderate reserve quantities provide a rather large 
reduction in price variability. 
Although larger reserves provide a greater reduction in price 
variability, they also cost more to maintain. In Figure 3, ~ and c2 
represent the total costs of maintaining reserves with a maximum release 
per year of x1-xa and x2-xa respectively. 
A simulation model is used to determine the optimal levels of grain 
reserves needed to offset domestic and world shortfalls in grain production. 
The simulation model stabilizes grain supplies in both the United States 
and the rest of the world under the assumption that the supply of grain in 
any given year is completely inelastic. The degree of supply stabilization 
is indicated by the government's policy goals, and the minimum level of U.S. 
grain stocks satisfying these goals is determined. Storage and handling 
costs of 22 cents per bushel or $4.91 per ton per year [13] were assigned 
on the basis of the total contingency stocks carried from year to year. 
We assume that up to one-half of the available reserves can be released 
during any one year of shortfalls. 
17 
Weather, Technology and Grain Production 
Weather and technology effect 
The technology effect is defined as the linear trend in grain 
yields; the deviations from this trend are assumed to be the effect 
of weather. Table 3 lists the weather and technology effects for several 
grains in the United States. For example, during the period 1921-1974, 
approximately 87 percent of the variations in wheat yields can be 
attributed to changes in technology and 13 percent of the variation 
attributed to weather fluctuations. This compares to an average over 
all grains of 89 percent attributed to changes in technology and the 
remaining 11 percent as a result of weather variations. The individual 
weather effects differ among grains as the location of production of 
these grains differ. Much of the U.S. wheat crop is produced 
in the Great Plains where weather fluctuations are more severe than the 
U.S. average; thus wheat yields are quite variable. On the other hand, 
corn yields are relatively less variable since the majority of corn pro-
duction is located in states where weather variations are less severe 
than average U.S. weather variations. 
Table 3. Estimated percentages of grain yield variations attributed 
to changes in technology and weather fluctuations, 1921-1974. 
Technology Weather Total 
Wheat 87.15 12.85 100 
Corn 90.45 9.55 100 
Oats 88.85 11.15 100 
Barley 90.20 9.80 100 
Sorghum 88.03 11.97 100 
Soybeans 90.74 9.26 100 
Average 89.31 10.69 100 
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Regional patterns of weather variability 
Figure 4 illustrates the relative significance weather plays in 
grain production in each state. Weather has a greater impact on yields 
than the national average in areas shaded by solid lines; in areas shaded 
by broken lines the impact of weather on yields is less than the national 
average. The Great Plains, Southern Plains, Delta States and Southeast 
areas are characterized by relatively unstable weather. The Northeast 
and Cornbelt areas generally have relatively stable growing seasons, 
temperatures, and precipitation from year-to-year. In these areas 
weather has less impact on grain yields. Similarly, yields are relatively 
stable in the West Coast States and the states of Idaho, Utah, Arizona, 
and Nevada as a result of the influence of the Pacific Ocean and exten-
sive irrigation. 
The distribution of weather effects is very similar in feed and 
food grain production (Figures 5 and 6). However, food grain yields tend 
to be more variable than feed grain yields since wheat production, the 
major food grain, is concentrated in areas with high weather variability. 
Probability distribution of weather effects 
A frequency distribution of weather deviationsin the United States was 
constructed by simulating the regression equations in section III over the 
period 1921-1974. The differences between the actual and the predicted 
yields over the period were used in deriving Figure 7. The horizontal 
axis in Figure 7 represents actual yields as a percentage of the predicted 
trend yield. A value of 1.0 indicates that the actual yield was equal to 
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Figure 7. Frequency distribution of weather effects on U.S. grain production 
for the period 1921-1974 
aThe weather effect class indicates the relationship between the 
observed yields and the estimated trend yields. 
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the predicted yield. The vertical axis indicates the frequency that 
actual yields relative to the predicted yields fell in each category 
over the period 1921-74. The distributions closely approximate bell-
shaped curves characteristic of normal distributions. 
Table 4 is derived from the distributions illustrated in Figure 7 
in the following manner. The vertical axis in Figure 7 indicates the 
relative frequency of occurrence. Therefore, a 10 percent relative fre-
quency indicates a result expected to occur once out of ten chances. 
The values in Table 4 are derived by finding the intersection of the 
10, 5, and 2.5 (i.e., one chance in 10, one chance in 20, and one chance 
in 40) percentage lines with the appropriate distribution and then 
reading off the corresponding value on the horizontal axis. The exact 
values in Table 4 were obtained by a computer program rather than by 
visual inspection. 
Table 4 indicates that the maximum expected shortfall in one year 
out of 10 would be 10.5 percent of all grain production. Similarly, 
the maximum expected shortfall in one year out of 20 is a 17.5 percent 
and the maximum expected shortfall in one year out of 40 is 21.5 percent 
of all grain production. 
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Table 4. Estimated reduction in U.S. grain production assuming that 
the worst weather expected in 10-, 20-, and 40-year 
10-year 
20-year 
40-year 
periods actually occurred in a particular year (percentage 
of total grain production.) 
All Grains Feed Grainsa Food Grainsb 
10.52 10.28 10.78 
17.50 16.62 17.65 
21.53 23.68 18.20 
a Includes corn, oats, barley and grain sorghum. 
bincludes wheat and soybeans. 
V. INTERACTION BETWEEN ENVIRONMENTAL POLICIES, 
EXPORT LEVELS, AND WEATHER VARIABILITY 
Significant interrelationships exist between environmental restrictions, 
export capacity, and weather-induced variability in grain production. 
Alternative environmental and export policies result in varying regional 
production patterns. By incorporating the changes in regional production 
with the regional weather indexes detailed in section IV, the impacts of 
the environmental or export alternatives can be quantified. In this sec-
tion the interactions in production, utilization, and weather variability 
are explored for a series of environmental and export alternatives. The 
policy alternatives and results are detailed in [27]. 
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Model Used to Determine Regional 
Production Patterns 
A national interregional linear programming model similar to the one 
documented in [~] is used to determine the regional production patterns 
under the various policy alternatives. Regional delineations include 105 
producing areas, 28 consuming regions, and 12 major zones. Land resources 
are separated into 5 soil classes based on productivity characteristics. 
In addition to the crop sector, the model includes endogenous livestock 
and transportation sectors. Najor constraints include the availability 
of land resources by the five different soil classes, water resources in 
the seventeen wes.tem states, and the regional demands including exports 
for the major crop and livestock commodities. The model minimizes the 
total cost of producing and transporting the commodities to meet the re-
gional demands, given the available land and water resources and subject 
to the restrictions imposed by the particular environmental policy. 
Environmental and Export Alternatives 
Analyzed 
Regional production patterns were determined for the following 
alternatives: 1) a maximum per acre soil loss equal to the soil tolerance 
2 level· , 2) livestock feedlot runoff controls similar to United States 
2The soil loss tolerance level is defined as the maximum rate of 
soil erosion that will permit a high level of crop productivity to be 
sustained economically and indefinitely [28]. 
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Environmental Protection Agency guidelines, 3) limiting the application 
of commercial nitrogen fertilizer to 50 pounds per acre, 4) withdrawal 
of the chlorinated hydrocarbons aldrin, dieldrin, chlordane, and 
heptachlor from use on corn, 5) production capacity with no environmental 
restrictions, and 6) production capacity with a combination of alternatives 
1 through 4. A description and indication of the impact of each policy 
on United States agriculture is detailed in the following subsections. 
Soil loss alternative 
Soil erosion is a major agricultural pollutant as a result of its 
own physical characteristics which result in river, lake, and reservoir 
sedimentation, its function as a transport mechanism for other chemical 
pollutants such as fertilizers and pesticides, and because of its 
detrimental effect on the structure and future productivity of agri-
cultural soils. 
The soil loss alternative established maximum allowable per acre 
soil loss values. "The term 'soil loss tolerance' denotes the maximum 
rate of soil erosion that will permit a high level of crop productivity to 
be sustained economically and indefinitely. Soil-loss tolerances range 
from 1 to 5 tons per acre per year for soils in the United State depending 
on soil properties, soil depth, topography, and prior erosion." [28]. 
The soil loss alternative was applied in the model by allowing 
rotations whose calculated tons of gross soil loss per acre per year was 
less than the soil-tolerance level for that particular region and soil 
capability class. Gross soil loss refers to the average annual tons of 
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soil leaving the field. Determination of gross soil loss for rotations 
in the model is documented in [9]. Briefly, the "Universal Soil Loss 
Equation" as described by Wischmeier and Smith [28] and a release from 
the Soil Conservation Service [16] are used for areas east of the Rocky 
Mountains. For the mountain valleys and West Coast, data are not 
available to allow application of the soil loss equation. Estimates of 
tons of soil loss for rotations in these areas were determined in con-
junction with SCS questionnaire results [9]. 
Implementation of the soil loss policy reduces average national per 
acre soil loss on all cropland by 57 percent. In the unrestricted base 
solution the average per cropland acre soil loss is 4.6 tons. This was 
reduced to 2.0 tons under the soil-tolerance levels. 
Feedlot runoff control alternative 
Feedlot runoff from concentrated livestock operations is the primary 
point 3 source of agricultural pollution. Wastes that enter streams, 
rivers, or lakes increase the concentration of plant nutrients in the 
water, a process referred to as eutrophication. Eutrophication is a 
natural process that may be beneficial, but in many locations the process 
has been intensified by man-induced pollution to the point that there is 
an excessive concentration of nutrients and, as a result, excessive algae 
and plant growth. Some of the problems associated with eutrophication are 
3A point source pollutant is one where the source of the pollutant 
can be traced to a particular location. 
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oxygen depletion in the hypolirnnetic waters of lakes, interference with 
recreational uses of water, hindrance of drainage along waterways, and 
increased costs of water filtration for domestic uses [~OJ. 
The Federal Water Pollution Control Act Amendments of 1972 required 
the United States Environmental Protection Agency to establish effluent 
limitation guidelines for point source discharges. The proposed E.P.A. 
guidelines appeared in the Federal Register of September 7, 1973. 
However, a series of reports by the Economic Research Service of the 
United States Department of Agriculture on the costs of controlling feed-
lot runoff had already been initiated before the guidelines were 
published [2], [4], [8]. These studies were based on guidelines formulated 
from preliminary E.P.A. information. Quantification of the modifications 
made to simulate runoff control policies in the model [27] were based 
on the budgets for beef feeding, swine, and dairy operations developed 
in these reports. 
Nitrogen fertilizer limit alternative 
Commercial nitrogen fertilizer usage has increased more than three-
fold since 1960 [11]. Research has established that runoff and leaching 
from agricultural lands are significant sources of nitrates in the 
nation's lakes, rivers, and streams [10]. Allison [1) states. 
"Only rarely have . . . tests shown nitrogen recoveries in the 
crop plus soil greater than about 95 percent of the applied nitrogen; 
values of only 70 to 90 percent are fairly common, and a few are as low 
as 60 percent ... Such results •.. help to explain why nitrogen re-
coveries in the crop under average field conditions often are no greater 
than 50 to 60 percent of that applied, even if immobilization is taken 
into account." 
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These values although not directly applicable to field studies do indicate 
that in some circumstances a large proportion of the applied nitrogen 
may find its way into the nation's waterways. 
The potential hazards of increasing nitrate levels are well doc-
umented [10] and include the problem of eutrophication discussed earlier 
and the potential for increased occurrenceofmethemoglobinemia (nitrate, 
nitrite poisoning). 
As a result of the potential environmental hazards posed by 
excessive nitrogen fertilization we considered a policy where the appli-
cation of commerical nitrogen fertilizer was limited to a maximum of 50 
pounds per acre of actual nitrogen. The overall impact of the policy 
was to reduce the average per acre application of nitrogen on all crops 
from 49.3 to 34.0 pounds. More detailed results are presented in [27]. 
Removal of chlorinated hydrocarbon 
insecticides alternative 
The fourth policy considered was to simulate the withdrawal of the 
four chlorinated hydrocarbons aldrin, dieldrin, chloradane, and hep-
4 tachlor from use on corn in the Corn Belt and Lake States areas. The 
ban is consistent with recent legislation [5] which suspended the regi-
stration of pesticide products containing these chemicals for most 
agricultural uses. These chemicals are particularly hazardous since due 
to their persistence they tend to accumulate in the ground, air, and body 
tfStates included in these areas are Minnesota, Iowa, Wisconsin, 
Michigan, Illinois, Indiana, Ohio, Missouri, and parts of Nebraska, 
South Dakota, and Pennsylvania. 
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tissues. An annual national human monitoring survey conducted by the 
E.P.A. in 1971, indicated that based on tissue samples taken during 
therapeutic surgery or at autopsy that 99.5 percent of all individuals 
tested had detectable residues averaging 29 p.p.m. of dieldrin in their 
adipose tissue [5]. 
The withdrawal is most critical with regard to two potential insect 
problems: cutworms and a group known as the "first-year corn complex." 
In simulating the policy, adjustments were made in the model to account 
for the cost of substitute chemicals and rescue treatments, potential 
yield reductions where cutworms are a problem or on rotations with 
corn following a gras~ crop, reductions in yield due to loss of time-
liness, and additional costs associated with replanting if necessary 
[27}. 
High export alternatives 
To obtain an indication of the productive capacity of United States 
agriculture with no environmental constraints and under an environmental 
package consisting of all four policies considered, two additional runs 
were made. The high export base was designed to measure the uncon-
strained productive capacity of United States agriculture in 1985 under 
currently projected technology. The second combination high export and 
environmental package model was designed to measure the impact of all 
four environmental constraints on this productive capacity. In both high 
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export solutions the model was first forced to meet the OBERS5 E' high 
[26] export demands for 1985 for all commodities except, corn, sorghum, 
wheat, and cotton. These four commodities were constrained to meet the 
OBERS E' levels of export [26] and then the model was allowed to export 
all the additional quantities of these grains it could produce. In 
all other runs the exports were set at the OBERS E' level and no addi-
tional exports were allowed. The export levels for the six grains con-
sidered in this study under the various policies are given in Table 5 • 
5oBERS is an acronyme referring to the Office of Business Economics, 
now the Bureau of Economic Analysis, and the Economic Research Service. 
The term OBERS is commonly used to refer to projections of regional 
economic activity published by United States Water Resources Council 
[25]. 
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Table 5. Alternative export levels for the various models 
Cotmnodity 
Corn 
Sorghum 
Barley 
Oats 
Wheat 
Soybeans 
aSOURCE: 
1985 
OBERS Ea,b 
25,121.91 
4,064.27 
435.32 
145.!2 
21,065.03 
25,855.03 
[26]. 
1985 OBERS 
Ea High Export 
c High Export 
Base Level 
(Thousand Metric Tons) 
47,983.24 55,197.57 
6,858.38 8,396.15 
544.32 544.32 
275.79 275.79 
32,087.43 34,259.58 
30,617.78 60,315.29 
d High Export 
Combination 
Level 
33,570.80 
5,281. 21 
544.32 
275.79 
24,771.66 
35,535.69 
b Levels used for base, soil loss, nitrogen, livestock, and insect!-
cide levels. 
cLevels obtained under high export base alternative. 
dLevels obtained under high export-environmental package combination. 
VI. RESULTS OF THE ENVIRONMENTAL 
AND EXPORT ALTERNATIVES 
Impacts on Production and Utilization of Grains 
Production of feed, food, and all grains in 1985 under the various 
alternatives considered is provided in Table 6. Included are the expected 
1985 levels of production if the United States experienced the worst weather 
effect in terms of grain production expected to occur in 10-, 20-, or 40-
year periods. The expected levels of production were based on the data 
in Table 4. 
33 
Table 6. United States grain production under various environmental and 
weather alternatives (1985) 
Model and Feed Food All 
Weather Grain Grain Grain 
Alternatives a 
Base (Thousand metric tons) 
Normal 176,315.26 119,933.48 296,248.74 
10 year 158,190.05 107,004.65 265,083.37 
20 year 147,011.66 98,765.22 244,405.21 
40 year 134,563.80 98,105.59 232,466.38 
Soil Loss 
Normal 181,563.09 124,828.86 306,391.95 
10 year 162,898.40 111,372.30 274,159.51 
20 year 151,387.30 102,796.56 252 '773.35 
40 year 138,568.95 102,110.00 240,425.76 
Livestock 
Normal 175,323.21 120,282.51 295,605.72 
10 year 157,299.98 107,316.05 264,507.99 
20 year 146,184.49 99,052.65 243,874.71 
40 year 133,806.67 98,391.09 231,961.80 
Nitrogen 
Normal 173,423.95 121,068~ 26 294,492.21 
10 year 155,595.96 108,017.10 263,511.62 
20 year 144,600.88 99,699.71 242,956.07 
40 year 132,357.15 99,033.84 231,088.03 
Inseeticide 
Normal 175,487.04 120,508.79 295,995.83 
10 year 157,446.97 107,517.94 264,857.06 
20 year 146,321,09 99,238.99 244,196.55 
40 year 133,931.70 98,576.19 232,267.92 
Table 6. (continued) 
Model and 
Weather 
Alternatives 
High Export 
Normal 
10 year 
20 year 
40 year 
Combination 
Normal 
10 year 
20 year 
40 year 
Feed 
Grain 
202.506.11 
181,688.48 
168,849.59 
154,552.66 
195,032.19 
174,982.88 
162,617.84 
148,848.56 
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Food 
Grain 
All 
Grain 
(Thousand metric tons) 
163,119.90 
145,535.57 
134,329.23 
133,432.07 
125,691.77 
112,142.19 
103,507.17 
102,815.86 
365,626.01 
327,162.15 
301,641.45 
286,906.73 
320,723.96 
286,983.79 
264,597.26 
251,6 72.09 
~eather alternatives include: expected or normal, worst weather 
expected in a 10-year period, worst expected in a 20-year period, and 
worst expected in a 40-year period. 
Table 7 gives a breakdown of the demands for grain into domestic 
intermediate, domestic consumption, and net export categories. The 
OBERS E' projections [26] of domestic consumption for 1985 were used for 
all models. The final demand for livestock commodities whose production 
provide an intermediate demand for grains, is the same for all models, 
however the intermediate demand for grains varies among models. This is pos-
sible since the livestock rations are determined endogenously, allowing con-
siderable substitution among grains in the livestock rations. 
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Table 7. Utilization of U.S. grain stocks under the alternative models 
(1985) 
Model Feed Food All 
Grain Grain Grain 
Base (Thousand metric tons) 
Produced 176,315.26 119,933.48 296,248.74 
Intermediate 127,569.92 46,343.46 173,913.38 
Consumed 18,978.54 26,169.96 45,148.5 
Net Export 2 9' 7 66.65 46,920.06 76,686.71 
Soil 
Produced 181,563.09 124,828.86 306,391.95 
Intermediate 132,817.76 51,738.84 184,556.6 
Consumed 18,978.54 26,169.96 45,148.50 
Net Export 29,766.65 46' 920.06 76,686.71 
Livestock 
Produced 175,323.21 120,282.51 295,605.72 
Intermediate 126,577.88 47,192.49 173,770.37 
Consumed 18,978.54 26,169.96 45,148.50 
Net Export 29,766.65 46,920.-06 76,686.71 
Nitrogen 
Produced 173,423.95 121,068.26 294,492.21 
Intermediate 124,678.85 47,978.22 172,657.07 
Consumed 18,978.54 26,169.96 45,148.50 
Net Export 29,766.65 46,920.06 76,686.71 
Insecticide 
Produced 175,487.04 120,508.79 295,995.83 
In termed ia t e 126,741.75 47,418.74 174,160.49 
Consumed 18,478.54 26,169.96 45,148.50 
Net Export 29,766.65 46,920.06 76,686.71 
High Export 
Produced 202,506.11 163,119.90 365,626.01 
Intermediate 119,113.77 42,375.05 161,488.82 
Consumed 18,978.54 26,169.96 45,148.50 
Net Export 64,413.83 94,574.87 158,988.70. 
Combination 
Produced 195,032.19 125,691.77 320,723.96 
Intermediate 136,381.54 39,214.43 175,595.97 
Consumed 18,978.54 26,169.96 45,148.50 
Net Export 39,671.98 60,307.35 99,979.33 
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The production and utilization of feed and food grains on a national 
basis is quite similar for the base, soil loss, nitrogen, and insecticide 
policies. Even if the United States experiences the worst weather expected 
in a 40-year period in 1985, domestic demands for all grains could be met 
and an additional 13 million metric tons could be exported or added to 
stocks. Individually, feed grains are affected more severely by weather 
variation than food grains. If the worst weather expected in a 20-year 
period occurs in 1985, U.S. domestic feed grain production would just 
satisfy domestic demands. If the worst weather expected in 40-years 
occurs, feed grain production would fall short of domestic demand by 12 
million metric tons. However, in the 40-year case food grain production 
would exceed food grain demand by 25 million metric tons. In this case 
livestock producers would probably react to the relative supply and demand 
of the various grains and adjust ration formulations to substitute food 
grains and hays for the higher priced feed grains. The most serious poten-
tial problem would be in meeting foreign export commitments in excess of 
13 million metric tons or commitments for specific grains that might be 
in particularly short supply as a result of the weather conditions. 
There is a significant. increase in grain production in the soil 
loss alternative as compared to the base alternative. All grains produc-
tion increases by 3.4 percent, feed grains production by 3 percent, and 
food grains by 4.1 percent, despite constant final demand levels. The 
soil loss restriction requires farmers to use rotations incorporating a 
small grain or hay crop in order to reduce per acre soil losses below the 
soil-tolerance levels. The production of barley, oats, and wheat then 
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increases substantially since the model is forced to include these grains 
in rotation with the more erosive corn and soybeans. The excess supply of 
these small grains over domestic consumption and export demands is utilized 
as livestock feed. A greater total quantity of grains is required to sat-
isfy intermediate feed demands since the feed value of barley and oats 
is lower than the corn they replace. Table 6 indicates an additional 10 
million metric tons of all grains is required to meet intermediate live-
stock feed demands under the soil loss alternative. 
Results for the high export alternative indicate that if U.S. agriculture 
operates at full capacity in 1985, production of all grains would amount to 365 
million metric tons, 23 percent greater than under the base alternative. 
As a further indication of U.S. capacity, even if the worst weather ex-
pected in a 40-year period occurs in 1985, production of all grains will 
still come within 10 million metric tons of the normal or base production 
level. This small shortfall could easily be met by substitution of rough-
ages for grain in ruminant rations. 
It is important to emphasize that considerable possibilities for 
substitution exists among grains in production if demand conditions man-
date. For example, wheat and sorghum can be grown on most corn and soybean 
ground while corn can be raised in many areas where wheat is now commonly 
grown. In most cases, however, total production of all grains is expected 
to fall as one grain is expanded into fringe areas where its comparative 
advantage declines. 
Combining the four environmental policies together with the high 
export alternative results in a 12-percent reduction in the production of 
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all grains. However~ because of the different approaches used to meet 
intermediate demands, net exportable grains decline by 37 percent. In 
the high export alternative, the export potential for corn, sorghum, wheat, 
and soybeans causes production of these grains to be increased while pro-
duction of the other grains is decreased. In addition, corn, silages, and 
hays are substituted for other feed grains in the livestock rations. The 
latter reduces the total quantity of feed grains required for intermediate 
use. Hence, additional acres are freed for production of the exportable 
grains. Combining the environmental policies with the high export alter-
native increases substantially the quantity of feed grains devoted to 
intermediate uses. For this combination of alternatives, imposition of 
the soil loss tolerances and fertilizer limits causes small grains to be 
substituted for the more erosive corn, soybean,-and silage crops. Since 
there is a limited export demand for barley and oats, these grains are 
substituted for corn in the livestock rations and corn is freed for the 
export market. 
Weather Variability Impacts 
Variations in production are the result of different regional 
production patterns under the various alternatives. Figures 9 through 
20 illustrate the changes in regional production under the soil loss, 
nitrogen, high export base, and combination alternatives. (Summaries 
are not made for the feedlot runoff and insecticide alternatives since 
their impacts on variability are minor.) The actual production of feed, 
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food, and all grains under the various alternatives is listed in Tables 
8, 9, and 10. 
Regional production patterns change as the regional comparative 
advantages among crops changes. Comparative advantages are based on the 
underlying cost and return structure of the crops. For example, the soil 
loss alternative may require a change in the production process for erosive 
row crops from straight row to terracing or strip cropping in order to 
meet the soil erosion limits. The additional conservation practice in-
creases costs without a proportional short run increase in returns. How-
ever, a less erosive crop such as wheat may not be affected by the policy. 
If initially the row crop, say corn, is more profitable than wheat, then 
corn enjoys a comparative advantage over wheat in this area. If after 
implementation of the soil loss restriction the profitability of corn 
falls below that of wheat, then the comparative advantage switches in 
favor of wheat and production of this crop is expected to replace corn. 
Table 11 indicates the relative impact of the various alternatives 
on the expected variation in grain production. There are several 
general results of interest indicated in Table 11. First, the variabili~y 
in feed grain production increases more than the variability in food 
grain production for all alternatives in comparison with the base alter-
native. In fact, except for the high export alternative, changes in 
the variability in food grain production are quite small. Second, 
the overall impact of a policy alternative on production variability is 
directly correlated with the "severity" of the policy, where "severity" 
relates to the relative impact of the alternative on changing regional 
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46 
production with respect to the base alternative. These results as well 
as their underlying causes are discussed further under the individual 
alternative below. 
Table 11. Estimated relative increase in weather vari~tion in grain 
production under the various alternatives (base alternative = 
100) 
Feed Food All 
Policy Grains Grains Grains 
Base 100.00 100.00 100.00 
Soil Loss 104.04 100.09 102.41 
Livestock 100.03 100.00 100.01 
Nitrogen 101.34 100.19 101.33 
Insecticide 100.18 100.07 100.28 
High Export 102.39 101.84 102.79 
Combination 104.54 100.68 102.99 
Soil loss alternative 
Regions with high levels of sediment carried by streams are delineated 
in Figure 8. These regions provide a rough indication of areas where soil 
erosion is a major problem. As might be expected under the soil loss 
alternative, as compared to the base alternative, the more erosive row 
crops shift out of the more erosive areas and are replaced by less erosive 
small grains and hays. for ,example, corn and soybeans shift out of the 
Corn Belt and Southeast into the Plains and Lake States, while the produc-
tion of wheat, barley, and oats increases in the more erosive areas of the 
Southeast, Corn Belt, and Delta States under the soil loss alternative. 
In addition, this alternative causes more corn and soybeans to be produced 
in rotation with barley and oats as evidenced by increased production of 
oats, barley, corn, and soybeans in the Plains. 
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48 
As Table 11 indicates, production variability under the soil loss 
restriction increases by 4 percent for feed grains but by less than 1 
percent for food grains. Overall, production of feed grains decreases 
in the Corn Belt and Lake States and increases in the Plains and Southeast, 
Figure 9. Comparing Figure 9 to Figure 5 indicates that overall feed 
grain production increases in areas of relatively high weather variability 
and decreases in areas of relatively low weather variability. 
The impacts of changes in the location of food grain production under 
the soil loss alternative are not as clear. Soybean production shifts 
out of the Southeast and Corn Belt into the Plains while wheat shifts 
out of the Plains into the Delta States and Corn Belt. Overall, there was 
a net decrease in production of food grains in the Southeast and net in-
creases in the Delta States, Plains, Corn Belt,.and Lake States, Figure 10. 
The net effect on expected weather variability is insignificant. 
The combined food and feed grain effect is illustrated in Figure 11. 
The overall impact on weather variability is quite similar to the feed 
grain effects (Figure 9) since the food grain impacts are insignificant. 
Nitrogen alternative 
Table 12 lists the total usage of nitrogen by states in 1974. These 
data indicate areas where the 50 pounds per acre limit on commercial 
nitrogen application is likely to be restrictive in crop production. Corn 
is the most nitrogen intensive crop considered, with an average national 
application rate of 102.5 pounds per acre fertilized in 1974. The 50 
pounds restriction generally is not limiting for wheat, oats, barley, sor-
ghum, and soybeans. 
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Limiting per acre applications of nitrogen to 50 pounds results in 
reduced yields of nitrogen intensive crops, an increased acreage of nitro-
gen intensive crops, a substitution of less nitrogen intensive grains for 
corn in livestock rations, an increase in rotations including a legume crop, 
and a substitution in production of less nitrogen intensive crops for the 
more nitrogen intensive crops. The 50 pounds limit reduces U.S. average 
corn yields 14 percent and increases total corn acres in the United 
States by 10 percent. The acreages of wheat, sorghum, oats, and barley 
also increase as their comparative advantage relative to corn increases 
with lower nitrogen rates and yields for corn. The increase in production 
of wheat, oats, sorghum and barley, coupled with the decrease in corn 
production, induces changes in the livestock ration formulations. Inter-
mediate use of corn in livestock rations falls from 73 percent of the total 
grain fed to 57 percent as compared to the base alternative. Looking at 
the individual grains, intermediate use of corn falls 12 percent while 
sorghum increases by 66 percent, oats by 72 percent, and barley by 64 
percent. Because of the lower feed value of these grains relative to corn, 
a larger total quantity of grain is required to meet the energy needs 
of the livestock sector. 
The nitrogen alternative has a moderate impact on the variability 
of feed grain production but a very small impact on variability of food 
grain production, Table 11. Figure 12 illustrates the shifts in feed 
grain production which occur under the nitrogen alternative, in comparison 
with the base alternative. The majority of the 10 percent increase in 
corn acreage occurs in the Great Plains as corn production shifts out of 
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the Corn Belt and Southeast. This shift in production results as yields 
are lowered in the Corn Belt and Southeast, regions where nitrogen appli-
cation rates typically are among the highest in the nation, Table 12, 
rather than from a reduction in the number of acres of corn raised in 
these regions. Production of oats, barley, and sorghum increases mainly 
in the Plains and Corn Belt areas. 
Figure 12 illustrates the net decrease in feed grain production in 
the Southeast, Southern Plains, Corn Belt and Lake States and the net in-
crease in the Northern Plains, Mountain, and West Coast regions under the 
nitrogen restriction alternative as compared to the base alternative. 
Comparing Figure 12 with Figure 5, the major factor behind the increase 
in variability of feed grain production is the greater production in the 
Northern Plains under the nitrogen restriction alternative. 
The effect of the nitrogen alternative on food grains is illustrated 
in Figure 13 and the net effect on all grains in Figure 14. The shifts in 
wheat and soybeans are similar to those in the soil loss policy. 
High export alternative 
The high export alternative results in a general expansion in the 
production of all grains, Figure 15. This alternative responds to in-
creased grain export levels by shifting the production of corn, soybeans, 
wheat, and sorghum to areas with the greatest comparative advantage in the 
production of each crop. Regional specialization emphasizes corn and soy-
beans in the Corn Belt, wheat and soybeans in the Southern Plains, Delta 
States, Southeast, and Appalachian States, and corn and wheat in the Lake 
States and West Coast. 
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The result of the increased export demand is a 23 percent increase 
in all grain production, Table 6. Of this 69.4 million metric ton in-
crease, one-third is in the four plains states North Dakota, South Dakota, 
Nebraska, and Kansas, Table 10. The increase occurs in both food and 
feed grains indicating that a large amount of additional cropland is 
brought into production. 
The livestock rations also change under the high export alternative. 
Corn is substituted for wheat, oats, barley, and sorghum since its higher 
feed value allows the energy requirements of the livestock sector to be 
met with 12 percent less total grain. Individually, corn increases from 
73 percent to 89 percent of the total grain used in livestock rations, 
while barley, oats, and wheat each decreases approximately 80 percent from 
levels of the base alternative. 
As Table 11 indicates, the high export alternative is the only one 
where the relative increase in variability of food grains production is 
significant. Although food grain production increases generally over the 
nation, the largest increases occur in the Southern Plains, Delta States, 
Southeast, and the Northern Plains, Figure 16. As Figure 6 indicates, 
these are the areas of greatest variability in food grain production. 
The increase in variability of feed grain production is primarily 
the result of the large increase in acreage in the Plains States and 
Missouri under the high export alternative. The impact of this increased 
acreage on production variability is illustrated in Figure 17. 
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As suggested by the results of the individual policies, the soil 
loss restriction and high export demands have the greatest impact on inter-
regional land use and crop production variability. The soil loss restric-
tion forces row crops, corn and soybeans out of the Southeast and Corn 
Belt into the Northern and Southern Plains. In addition, in the combined 
high export and environmental alternative regions were unable to specialize 
to the extent they did in the high export alternative since the soil loss 
restriction eliminated many of the continuous row crop rotations. Figures 
18, 19, and 20 illustrate the regional production shifts in feed, food, 
and all grains under the combined high export and environmental alternative. 
VII. INTERACTION BETWEEN OPTIMAL GRAIN 
STOCK RESERVES AND WEATilER 
Policy makers may desire to maintain a stock of grain reserves to 
offset occasional shortages caused by unfavorable weather [3]. The three 
policy alternatives considered in this analysis are: (1) grain reserve 
to meet 90 percent of domestic shortfalls and 60 percent of foreign short-
falls (policy I), (2) grain reserve to meet 90 percent of domestic short-
falls and 75 percent of foreign shortfalls (policy II), and (3) grain 
reserve to meet 90 percent of domestic shortfalls and 60 percent of foreign 
shortfalls in the same year (policy III). 
Demand for grain is divided into two general categories, food grains 
for human consumption and feed grains for livestock consumption. However, 
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67 
for this analysis, food and feed grains are considered substitutes when 
shortages occur. These three policies will be evaluated under the three 
weather conditions discussed earlier; namely the worst weather expected 
in 10-, 20-, and 40-year periods. 
Alternative Levels of Grain Stock Reserves 
Grain reserves to meet 90 percent of 
U.S. domestic shortfalls and 60 percent 
of foreign shortfalls: policy I 
Food, feed and all grain reserves for a 10-year period Table 4 
indicates that the worst weather expected in a 10-year period results in 
a decrease of 10.5 percent in all grain production, a 10.3 percent de-
crease in feed grain production, and a 10.8 percent decrease in food grain 
production in the United States. Table 13 list~ the changes in contin-
gency stocks, the portion of the stocks used to cover shortfalls during 
the period, and the storage costs associated with alternative grain reserve 
levels. High reserve levels allow a greater coverage of shortfalls, but 
only at a higher per unit used storage cost. 
During the two lQ-year periods from 1952 to 1971, the average total 
grain shortfall in both the United States and the world was 192 million 
metric tons. A reserve level equal to 8 percent of U.S. production trend 
during this period results in 174 million metric tons in reserve and 51 
percent of the total shortfalls covered. A 22 percent reserve level allows 
for more than 90 percent of the shortfalls to be covered during the same 
period. However, storage costs per ton used are $11.30 at the 22 percent 
. 
level and only $6.30 at the 8 percent level. The difference in storage 
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69 
costs reflects the smaller percentage use of the reserves on hand at the 
22 percent level. 
A contingency stock level of 14 percent (Table 13) of the U.S. 
production trend is sufficient to meet the requirements of policy I; 305 
million metric tons are held in reserve with 45 percent of the stocks 
used to meet shortfalls during the 10-year period. Storage costs to hold 
the reserve are $8.10 per ton used. 
Table 14 breaks the reserves down into food and feed grain components. 
Under policy I, a reserve level equal to 41 percent of the U.S. food grain 
production is required to meet food grain shortfalls; but a level equal 
to only 10 percent of the U.S. feed grain production is required to meet 
feed grain shortfalls. The total world food grain shortfalls accumulated 
during the period are 162 million metric tons, 86 percent higher than the 
total world feed grain shortfall of 87 million metric tons. Under policy 
I, the U.S. contingency stocks of food grains during the period are 238 
million metric tons with 43 percent of the total used to meet food grain 
shortfalls. Likewise, the U.S. contingency stocks of feed grains during 
the period are 138 million metric tons with 52 percent of the stocks used 
to meet feed grain shortfalls. As a result of the higher food than feed 
grain requirement, the storage costs of food grains per ton used are $9.00 
while those of feed grains are only $6.90. 
Food, feed, and all grain reserves for a 20-year period The worst 
weather expected in a 20-year period results in a decrease of 17.5 percent 
in U.S. grain production, 16.6 percent in U.S. feed production, and 17.7 
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percent in U.S. food grain production (Table 14). Total world grain 
shortfalls accumulated during the period are 383 million metric tons, 136 
percent higher than during a 10-year period. Consequently, the levels of 
grain reserves required to meet grain shortfalls are higher in a 20-year 
period than in a 10-year period. A contingency stock of 16 percent of 
U.S. grain production trend covers 90 percent of U.S. domestic grain short-
falls and 60 percent of foreign shortfalls. Contingency stocks during 
the period are 626 million metric tons, with 45 percent of the stocks used 
to meet shortfalls. Storage costs are $8.60 per ton used (Table 13). 
Table 13 indicates that the food grain requirement is equal to 42 
percent of U.S. food grain production and the feed grain requirement equal 
to 12 percent of U.S. feed grain production. Contingency stocks during 
the 20-year period are 485 million metric tons of food grains and 331 
million metric tons of feed grains. Forty-two percent of the food grain 
stocks is used to meet shortfalls while 47 percent of the feed grain 
stocks is used, with associated storage costs of $9.20 per ton of food 
grain used and $8.10 per ton of feed grain used. 
Food, feed, and all grain reserves for a 40-year period The worst 
weather expected in a 40-year period results in a decrease of 21.4 percent 
in all grain production, 26.7 percent decrease in feed grain production, 
and 18.2 percent decrease in food grain production. Consequently, the 
expected shortfalls, required contingency stocks, and the associated 
storage costs are all higher in a 40-year period than in the 10- and 20-
year planning periods. Reserve levels equal to 19 percent of U.S. produc-
tion of all grains or 43 percent of food grain production and 14 percent 
72 
of feed grain production are required to meet the provisions of policy I. 
Forty-eight percent of the required stocks of 1,225 million metric tons 
of all grains are used to meet grain shortfalls. The contingency stocks 
of food grains is 748 million metric tons with 54 percent of the stocks 
used; those of feed grains a~e 649 million metric tons with 47 percent 
of the stocks used. Storage costs are $10.00 per ton of all grain used, 
$9.60 per ton of food grain used, and $9.90 per ton of feed grain used. 
Grain reserves to meet 90 percent of 
U.S. domestic and 75 percent of foreign 
shortfalls: policy II 
Policy II is designed to cover 75 percent of the foreign shortfalls 
rather than 60 percent as in policy I. Larger contingency stocks and 
associated higher storage costs thus are required. However, required 
stocks of food grains increase much more dramatically than do feed grains 
under policy II. The increase is larger since foreign countries are major 
producers of food grains. In addition, U.S. food grain production is 
small relative to U.S. feed grain production; thus, it takes a larger 
proportion of U.S. food grains tlian feed grains to meet a given world 
shortfall. 
Food, feed, and all grain reserves for a 10-year period Table 13 
indicates that reserves of 19 percent of U.S. grain production are suffi-
cient to meet 90 percent of domestic grain shortfalls and 75 percent of 
the foreign shortfalls. The total contingency stock reserves for all 
grains during the period are 413 million metric tons, 35 percent larger 
than under policy I, 39 percent of the stocks are used to meet shortfalls 
73 
during the period. Storage costs per ton used of $10.20 are $1.80 higher 
than under policy I. 
Table 15 breaks the reserve requirements down into feed and food 
grain requirements. The food grain requirement under policy II is 312 
million metric tons or 54 percent of U.S. food grain production, up 14 
percent from policy I. Required feed grain stocks of 151 million metric 
tons or 11 percent of U.S. production are only 1 percent greater than 
under policy I. Storage costs rose accordingly to $9.90 per ton of food 
grain used and $7.50 per ton of feed grain used. 
Food, feed, and all grain reserves for 20-year period Under 
policy II, required contingency stocks during a 20-year planning period 
are 861 million metric tons or 22 percent of U.S. grain production 
(Table 15), 36.6 percent of the reserves is used to meet shortfalls, with 
storage costs of $10.90 per ton used. 
Required food grain reserves is 636 million metric tons, up 13 
percent from policy I. Storage costs are $10.00 per ton of food grain 
used, $.80 higher than under policy I. There was no change in the required 
stocks or storage costs for feed grains between policies I and II for a 
20-year period. 
Food, feed, and all grain reserves for a 40-year period Twenty-four 
percent of U.S. production of all grains is required as reserves during 
a 40-year planning period under policy II. This amounts to 1,878 million 
metric tons, of which 34.7 percent is used to meet shortfalls. Storage 
costs under this alternative are $11.70 per ton used. 
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Again there is no change in the feed grain reserve requirements 
between policies I and II. Food grain requirements are highe~ however. 
Required food grain reserves amount to 55 percent of U.S. production, 13 
percent larger than policy I. Storage costs per ton of food grain used 
are also nearly a dollar higher. 
Grain reserves to meet 90 percent of U.S. 
domestic and 60 percent of foreign shortfalls 
in insurance: policy III 
Policy III differs from policy I in that it guarantees to cover 60 
percent of foreign shortfalls every year, while policy I is designed to 
cover an average of 60 percent of foreign shortfalls over the planning 
period. Thus, a contingency stock large enough to cover 90 percent of 
U.S. shortfalls and 60 percent of foreign shortfalls in the same year is 
required. 
Food, feed, and all grain reserves for a 10-year period Table 16 
indicates that a reserve level of 8 percent of U.S. grain production covers 
90 percent of U.S. domestic shortfalls under the assumption that the world 
experiences normal weather. Likewise, a reserve of 12 percent of U.S. 
production is sufficient to cover 60 percent of foreign shortfalls if the 
U.S. has normal weather (Table 17). Hence, a reserve level of 20 percent 
of U.S. production (6 percent higher than policy I) is needed to guarantee 
that both shortfalls could be covered in the same year. 
Contingency stocks of 174 million metric tons are needed to meet 90 
percent of the U.S. shortfalls, 32.8 percent of the stocks would actually 
be used to meet shortfalls. Storage costs are $12.60 per ton use (Table 16). 
76 
Table 16. All grains: estimated grain shortfalls, grain stocks reserved 
and used, and storage costs with alternative levels of U.S. 
domestic reserves under the assumption that the world experi-
ences normal weather 
Grain 
shortfalls 
Contingency 
stocks 
Stocks used 
Grain shortfalls 
uncovered 
Storage costs 
Ratio of U.S. Domestic Grain Stock Reserves To 
Production Trend (Percent) 
6% 8% 
-60 60 
130 174 
50 57 
10 3 
10% 
60 
218 
59 
1 
12% 14% 16% 
(million metric tons) 
60 
261 
60 
0 
60 
305 
60 
0 
60 
348 
60 
0 
18% 
60 
391 
60 
0 
20% 
60 
435 
60 
0 
(million dollars) 517 715 923 1,135 1,248 1,454 1,667 1,988 
Storage costs 
dollars per ton 
used 10.3 12.6 15.6 18.9 20.8 24.2 27.8 
Table 17. All grains: estimated grain shortfalls, grain stocks reserved 
and used, and storage costs with alternative levels of U.S. 
domestic grain reserves under the assumption that the United 
States experiences normal weather 
Grain 
shortfalls 
Contingency 
stocks 
Stocks used 
Grain shortfalls 
uncovered 
Storage costs 
Ratio of U.S. Domestic Grain Stock Reserves To 
Production Trend (Percent) 
6% 8% 
141 141 
130 173 
54 67 
87 74 
10% 
141 
216 
70 
71 
12% 14% 16% 
(million metric tons) 
141 
259 
90 
51 
141 
324 
103 
38 
141 
367 
112 
29 
18% 
141 
389 
116 
25 
33.1 
20% 
141 
432 
124 
17 
(million dollars) 504 685 866 1,052 1,338 1,547 1,624 1,817 
Storage costs 
dollars per ton 
used 9.3 10.2 12.4 11.7 13.0 13.8 14.0 14.6 
77 
Similarly, the contingency stocks of all grains reserved to meet 60 
percent of the world's shortfalls are 259 million metric tons with 34.8 
percent used to meet actual shortfalls. Storage costs are $11.70 per ton 
used. Thus, the total contingency stocks required (Table 18) are 433 
million metric tons and storage costs to keep the reserve are $12.00 per 
ton used, $3.60 higher than under policy I. 
The total food grain shortfall in the United States is 23 million 
metric tons over a 10-year period, while the world shortfall is 145 mil-
lion metric tons (Table 18). Hence, the U.S. food grain requirement to 
meet U.S. shortfalls is much lower than that needed to meet world short-
falls. A food grain reserve of 8 percent of U.S. grain production trend 
covers 90 percent of the U.S. domestic shortfalls under the assumption than 
the world experiences normal weather, while one of 36 percent covers 60 
percent of world shortfalls under the assumption that the United States 
experiences normal weather. Hence, the total food grain requirement to 
cover 90 percent of the U.S. domestic shortfalls and 60 percent of the 
world shortfalls in insurance is 44 percent of food grain production trend, 
3 percent higher than under policy I. The total storage costs to keep 
the food grain reserves are $9.60 per ton used. 
The U.S. feed grain requirements needed to meet U.S. shortfalls is 
approximately the same as required to meet world shortfalls. A U.S. 
feed grain reserve level of 8 percent of U.S. feed grain production trend 
covers 90 percent of U.S. shortfalls, and a reserve level of 6 percent of 
U.S. feed grain production trend covers 60 percent of foreign feed grain 
shortfalls. Hence, the total feed grain requirement to cover 90 percent 
T
ab
le
 1
8.
 
E
st
im
at
ed
 g
ra
in
 s
h
o
rt
fa
ll
s,
 g
ra
in
 s
to
ck
s 
re
s
e
rv
e
d 
a
n
d 
u
s
e
d,
 a
n
d 
s
to
ra
ge
 c
o
s
ts
 o
f 
U
.S
. 
do
m
es
tic
 
gr
ai
n 
re
s
e
rv
e
s
 
m
e
e
tin
g 
po
li
cy
 I
II
 u
n
de
r 
c
o
n
di
ti
on
s 
o
f 
th
e 
w
o
rs
t 
w
e
a
th
er
 i
n 
10
-,
 2
0-
, 
an
d 
40
-y
ea
r 
pe
ri
od
s 
A
ll
 g
ra
in
 
Fo
od
 g
ra
in
 
Fe
ed
 g
ra
in
 
10
 y
rs
. 
20
 y
rs
. 
40
 y
rs
. 
10
 y
rs
. 
20
 y
rs
. 
40
 y
rs
. 
10
 y
rs
. 
20
 y
rs
. 
40
 y
rs
. 
R
at
io
 o
f 
U
.S
. 
do
m
es
tic
 
gr
ai
n 
re
s
e
rv
e
s
 
to
 
pr
od
uc
ti
on
 t
re
n
d 
(%
) 
20
%
a 
24
%
b 
30
%
c 
44
%
d 
46
%
e 
14
%
f 
20
%
8 
G
ra
in
 s
ho
rt
fa
ll
s 
in
 
m
il
li
on
 m
e
tr
ic
 t
o
n
s 
20
1 
40
2 
79
2 
16
8 
-
33
3 
-
10
1 
·
17
9 
C
on
tin
ge
nc
y 
s
to
ck
s 
in
 
m
il
li
on
 m
e
tr
ic
 t
on
s 
43
3 
93
5 
2,
07
9 
25
5 
53
2 
19
4 
55
1 
St
oc
ks
 u
se
d 
in
 m
il
li
on
 
m
e
tr
ic
 t
on
s 
14
7 
28
5 
51
9 
10
4 
21
2 
75
 
17
0 
G
ra
in
 s
ho
rt
fa
ll
s 
u
n
c
o
v
e
re
d 
in
 m
il
li
on
 
m
e
tr
ic
 t
on
s 
·
54
 
·
11
7 
27
3 
64
 
·
12
1 
26
 
9 
Pe
rc
en
t 
o
f 
th
e 
s
to
ck
s 
u
se
d 
to
 t
o
ta
l 
'
39
. 7
 
s
to
ck
s 
33
.9
 
30
.5
 
25
 .. 0
 
40
.8
 
39
.8
 
30
.8
 
St
or
ag
e 
c
o
s
ts
 p
er
 t
o
n
 
u
se
d 
in
 d
ol
la
rs
 
12
.0
 
13
.7
 
17
.2
 
·
9.
 6 
9.
8 
10
.2
 
13
.5
 
a
E
ig
ht
 p
er
ce
nt
 o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
12
 p
er
ce
nt
 f
or
 f
or
ei
gn
 
s
ho
rt
fa
ll
s.
 
b T
w
el
ve
 p
er
ce
nt
 o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
12
 p
er
ce
nt
 f
or
 f
or
ei
gn
 
s
ho
rt
fa
ll
s.
 
c 
E
ig
ht
ee
n 
pe
rc
en
t 
o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
12
 p
er
ce
nt
 f
or
 f
or
ei
gn
 
s
ho
rt
fa
ll
s.
 
dE
ig
ht
 p
er
ce
nt
 o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
36
 p
er
ce
nt
 f
or
 f
or
ei
gn
 
s
ho
rt
fa
ll
s.
 
-
-
.
1 co
 
e 
Te
n 
pe
rc
en
t 
o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
36
 p
er
ce
nt
 f
or
 f
or
ei
gn
 s
ho
rt
fa
ll
s.
 
f E
ig
ht
 p
er
ce
nt
 o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
6 
pe
rc
en
t 
fo
r 
fo
re
ig
n 
s
ho
rt
fa
ll
s.
 
gT
w
el
ve
 p
er
ce
nt
 o
f 
U
.S
. 
pr
od
uc
ti
on
 t
re
n
d 
fo
r 
U
.S
. 
do
m
es
tic
 s
ho
rt
fa
ll
s 
a
n
d 
8 
pe
rc
en
t 
fo
r 
fo
re
ig
n 
s
ho
rt
fa
ll
s.
 
79 
of domestic shortfalls and 60 percent of foreign shortfalls in the same 
year is 14 percent of U.S. feed grain production trend, 2 percent higher 
than under policy I. Storage costs over the period are $10.20 per ton 
used. 
Food, feed, and all grain reserves for a 20-year period A grain 
reserve equal to 24 percent of U.S. production trend is required in a 20-
year planning period; 21 percent to cover U.S. shortfalls and 12 percent 
to cover foreign shortfalls. This amounts to 935 million metric tons, 
30 percent of which is actually used to meet shortfalls. Storage costs 
are $13.70 per ton used, $1.70 higher than in a 10-year planning period. 
Food grain requirements are again greater than feed grain requirements. 
Food grain reserves require 46 percent of U.S. food grain production, feed 
grain reserves only 20 percent of U.S. feed grain production. However, 
storage costs per ton used are higher for feed grains than food grains 
since a smaller percentage of the feed grain reserves are actually used 
than are food grain reserves. Storage costs are $13.50 per ton for feed 
grains and $9.80 for food grains (Table 18). 
Summary 
As expected a greater coverage of shortfalls is associated with 
higher reserve levels and higher per unit used storage costs (Figure 3). 
Larger stocks must be maintained or added to during years of surplus and 
years with relatively small variations are more likely to occur than ones 
with severe deviations from trend, given that the deviations historically 
have been normally distributed (Figure 7). As a result, stocks tend to 
80 
be stored longer and the average level of stocks on hand is larger. Both 
of these effects increase total storage costs. The lower relative fre-
quency of the more severe deviations indicates that the majority of time 
the additional stocks will not be needed, resulting in a decline in the 
percentage of the stocks actually used to meet shortfalls. The combined 
effect of the increase in total storage costs and the smaller percentage 
of stocks used is a substantial increase in storage costs per unit used. 
Other factors that affect the required level of reserves and the 
corresponding storage costs are the degree of supply variability the re-
serve policy is designed to alleviate and governmental policies that change 
the expected variation in grain production. Larger maximum deficits are 
expected during a 40-year planning period than during a 10-year planning 
period as Table 3 indicates. If the policy is designed to meet a fixed 
proportion of any given deficit, then larger contingency stocks would be 
be required under the longer planning period. Results from section VI 
indicate that the more "severe" the environmental policy imposed or the 
greater the level of production called for, the greater is the expected 
variability in production in any given year. This general increase in 
expected variability in turn increases the maximum shortfall expected in 
any given time period. 
VIII. SUMMARY 
U.S. agriculture shifted dramatically in the early 1970's from a 
situation with surplus stocks and price supports to essentially a free 
market with little reserves and no effective price regulations. Before 
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1972, U.S. agricultural prices had been supported above world levels and 
protective import tariffs had effectively insulated U.S. agriculture from 
the majority of foreign agricultural developments. A series of events in 
the early 1970's changed this insulation. A major factor was the large 
increase in export demand by the USSR. This increase was the result of 
crop failures in the USSR and the subsequent change in USSR import policy 
to replace the shortage rather than "tighten their belts" as was done in 
1965. A second factor was the 20-30 percent increase in the value of 
foreign currencies relative to the dollar as a result of devaluations of 
the U.S. dollar. A third factor was reduced crops in competing export 
nations, especially Australia. The net effect was a substantial increase 
in foreign demand as countries replaced shortages or found that they could 
afford increased purchases of U.S. grains. 
The large increase in export demand raised world prices above U.S. 
target prices and liquidated existing U.S. stocks of grain. In the ab-
sence of buffer stocks and with the equalization of U.S. and world prices, 
U.S. agriculture has become more closely integrated into the world agri-
cultural system and as such, is much more susceptible to foreign supply 
and demand developments. 
Given the general price inelasticity of demand for agricultural 
products and the relatively fixed supply of a commodity within a crop 
year, supply and demand variations are multiplied into relatively larger 
proportional changes in prices. As prices have reacted to the more vola-
tile shifts in supply and demand, considerable uncertainty, distrust, 
and discontent has been generated among both producers and consumers who 
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are unaccustomed to the volatile fluctuations in prices. Producers faced 
with this greater uncertainty react by discounting expected returns as 
insurance against price declines bringing about an economically in-
efficient underallocation of resources. 
A grain reserve policy is one technique that can be used to offset 
the effects of demand and supply fluctuations. Among the possible 
objectives of a storage policy are to stabilize supply by changing the 
time distribution of supply~ to stabilize prices~ and to stabilize in-
comes. A storage policy is most effective in changing the supply 
available at any point in time. Since price fluctuations are a function 
of both supply and demand conditions and income a function of costs as 
well as output supply-demand conditions~ changing the temporal supply 
distribution alone has less impact on stabilizing prices and incomes. 
A major policy question is whether a storage policy should be 
designed as a domestic or international program. A domestic program 
exerts no control over the foreign demand component of price variability 
and thus~ export controls could be necessary to prevent liquidation of 
domestic stocks. An international reserve internalizes the import-
export problem. Other problems associated with a reserve program 
include the objectives of the program, the optimal size of reserves~ 
the rules of accumulation and disbursement~ location of storage~ 
political control~ and financing. In general~ these problems will be 
much more difficult to resolve in an international than in a national 
framework. 
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The optimal size of a storage program will depend on the objectives 
of the program. Determination of the maximum shortage to be covered 
depends upon both the percentage of a given shortfall that will be 
covered and the maximum shortfall expected in the planning period. The 
results of section VII indicate that storage and handling costs per ton 
used are positively correlated with the percentage of a shortfall co-
vered. In addition, the maximum expected shortfall is larger, although 
the probability it occurs in any given year is smaller, the longer the 
time period considered. With a reserve policy based on a 40-year planning 
period rather than a 10-year planning period a larger maximum deviation 
would be expected and correspondingly higher storage costs incurred. 
The results in section VI indicate that grain production vari-
ability is positively correlated with the severity of the environmental 
policy imposed. As the policies become more restrictive as reflected 
by regional shifts in crop production, the weather-induced variability 
increases. This result should be qualified in recognizing that policies, 
such as our soil-tolerance level of allowable per acre soil loss, 
which help maintain the productive capacity of our soil resources may 
in the longer run reduce the weather-related variability. If we allow 
soils in the more productive areas to be eroded so that future pro-
duction must be shifted into marginal, less productive areas the 
expected future variability in production could be much greater. 
The increased production variability resulting from the implementation 
of an environmental policy in agriculture would, if combined with a 
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grain reserve policy, increase the level of reserves needed to offset 
the greater supply fluctuations. The two general policies have con-
flicting impacts. The reserve policy is designed specifically to 
reduce the effects of weather variation on supplies, whereas the environ-
mental policies tend to increase the weather-induced supply variation. 
A second conclusion is that the implementation of an environmental 
policy merely reinforces the need for a storage program. In either case, 
trade-offs and interactions exist between the two policies and personal 
preferences regarding the relative merits of the policies will differ. 
Evaluation should be based on a joint analysis of the benefits and costs 
of the two policies. The analysis should be integrated into the frame-
work of overall U.S. policy realizing that there are limited resources 
available for both problem solving and policy action. 
Indications of substantially larger future populations and food 
needs suggest that the need for a reserve policy will be even more preva-
lent in the future. As production responds to the increasing demands, the 
level of production and the expected weather-induced variability in pro-
duction will both increase as the results of section VI indicate. Delib~ 
erations concerning potential storage programs should account for these 
future possibilities as well. 
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